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Ultra-relativistic heavy-ion collisions are expected to generate a huge electromagnetic field, eB ≈
1018 Gauss, that induces a splitting of the directed flow, v1 = 〈px/pT 〉, of charged particles and
anti-particles. Such a splitting for charmed meson manifests even for neutral particle/anti-particles
pairs (D0, D
0
), hence being also a unique probe of the formation of the quark plasma phase. For
the first time here we show that specific time evolution of the electromagnetic field may generate a
v1(D
0)− v1(D
0
) as huge as the one recently observed at LHC against early expectations.
Within this new research topic we point out a novel measurement: the directed flow v1 of leptons
from Z0 decay and its correlation to the D mesons one. Such a correlation between the ∆v1 of
l+ − l− and D0 − D
0
would provide a strong probe of the electromagnetic origin of the splitting
and hence of the formation of a quark plasma phase with charm quarks as degrees of freedom. The
case of the v1(l
±) presents features due to the peculiar form of the pT spectrum never appreciated
before in the study of heavy-ion collisions. We specifically predict a sign change of the ∆v1(pT ) of
leptons at pT = 45 GeV/c, that can be traced back to a universal relation of ∆v1 with the slope of
the pT particle distribution and the integrated effect of the Lorentz force.
The ultra-relativistic heavy-ion collisions (uRHICs) at
both RHIC and LHC have been a terrestrial tool to access
the properties of the Hot QCD matter and have shown
that such a matter expands hydrodynamically with a
very small η/s, shear viscosity to entropy density ratio,
close to a conjectured lower limit for strongly interact-
ing matter [1]. At the current stage the description of
the expanding dynamics in AA collisions appears to be
quite solid which is opening a new frontiers in the study
of uRHICs. The main novel aspects that are becoming
accessible are those related to the impact of the strongest
electromagnetic field [2, 3] and of the largest relativistic
vorticity [4, 5] ever created in a physical system. This is
triggering an intense studies in the off-central heavy ion
collisions, such as the chiral magnetic effect (CME) [6–
11], chiral magnetic wave (CMW) [12–15] and the split-
ting in the spin polarization [16–18] and the directed flow
(v1) of mesons [2, 3, 19, 20].
In the last decade it has been possible also to study the
dynamics of heavy quarks (HQs), mainly charm, achiev-
ing a first phenomenological determination of their in-
teraction with the QGP medium [21–23]. This opens
the possibility to investigate by mean of HQs new as-
pects coming from the very early stage dynamics. In
fact, as pointed out in Ref. [2], charm quark can provide
a very suitable tool to explore the presence of the elec-
tromagnetic field thanks to their short formation time,
τform 6 0.08 fm/c, that makes them present in the very
early stage as gluons. Therefore they could be excel-
lent probes of the huge electromagnetic field [2, 3, 24]
as recently confirmed by a first measurement of v1 of D
mesons [25, 26].
A breakthrough will be to understand if the splitting
very recently observed for D0 and D
0
has an electromag-
netic origin. Here we point out for the first time that even
the measurement by ALICE [25], much larger and even
of opposite sign than the one predicted in Refs. [2, 3],
can still be generated by the magnetic field, not with
larger maximum strength but just damping slowly with
a lifetime τB ∼ 0.4 fm/c. The main new measurement
proposed in this Letter is the v1(pT , y) of the leptons
coming from Z0 decays. Due to the fact that they inter-
act with the electromagnetic field and not with the strong
one, they are a most suitable tool to extract info on the
e.m. field, especially because they can be separated from
other sources of leptons and are generated in the pre-
thermal equilibrium stage of QGP with a decay lifetime
very similar to the the charm formation time, i.e. when
the e.m. field is expected to be about its maximum val-
ues. A further advantage will be the possibility to access
a region of momenta very large, up to pT ≃ 100GeV, ex-
ploiting the Lorentz force in a different kinematic region
w.r.t. the case of charm quarks. The absolute measure-
ment of v1(pT , y) of l
± and its correlation to the D0, D
0
will be smoking gun of the electromagnetic origin of the
splitting.
Though the magnetic field at t = 0 can be evaluated
with sufficient confidence in relativistic heavy ion colli-
sions [27, 28], its time evolution is still largely an open
question [19, 29–31]. To have a general study of the ef-
fects of electromagnetic fields, we include three typical
configurations, where only Ex and By are included due
to their dominance over other contributions.
Case A - A standard approach, developed in several
papers [2, 19, 32], has been based on the solution of the
Maxwell equations for the field generated by the spec-
tators in the overlapping region assuming this is made
by matter in equilibrium with a constant conductivity
2σel = 0.023 fm
−1 lQCD calculations [33–35]. The draw-
back is to assume a finite conductivity associated to the
QGP matter even before the collisions, hence strongly
damping the maximum value of By (∼ 50 times) [28]
w.r.t. the vacuum estimate.
Case B - The large gap between the maximum ini-
tial By(t = 0) = B0 field with and without assuming a
conducting medium has led other authors to consider a
parametrization that at least at initial time agrees with
the large value expected in the vacuum. We label this
case as B: eBy(x, y, τ) = −B(τ)ρB(x, y) with ρB(x, y) =
exp[− x22σ2x −
y2
2σ2y
] [36] and a B(τ) = eB0/(1 + τ
2/τ2B) as
developed in Refs [9, 10] with B0 given by in vacuum es-
timate. eEx is then determined by solving the Faraday’s
Law ∇×E = −∂B/∂t:
eEx(t, x, y, ηS) = ρB(x, y)
∫ ηS
0
dηB
′
(t, η)
t
coshη
(1)
where ηS is space-time rapidity. We will see that such
a field even if much larger than case A still does not
lead to a prediction in agreement with the large splitting
observed by ALICE at LHC [25], indeed it even leads to
a ∆v1 = v1(D
0)− v1(D0) splitting of opposite sign.
Case C - A third case for the magnetic field By starts
from the same initial value and the space distribution
of case B, but has a slower time evolution of the field:
B(τ) = eB0/(1 + τ/τB).
In this study we focus on 5.02 TeV Pb+Pb collisions at
20-30% centrality, that corresponds to impact parameter
b = 7.5 fm, due to the recent measurements by ALICE of
non-zero directed flow splitting between D0 and D
0
[26].
Though we choose this system to illustrate the effect,
our conclusions are pretty general. In Fig. 1 we show
the time evolution of eBy(t) and eEx(t) at xT = 0 and
ηS = 1 for the three cases discussed above. eBy is chosen
to be negative as in the experimental convention.
1 2 3 4 5
0
2
4
6 Pb+Pb @ 5.02 TeV, b=7.5 fm
               xT=0, S
 -eBy case A ( 30)
 -eEx case A ( 30)
 -eBy case B
 -eEx case B
 -eBy case C
 -eEx case C
t (fm/c)
          
                       
           
                
 
 
eF
 (G
eV
/fm
)
FIG. 1. (Color online) Time evolution of −eBy and −eEx at
xT = 0 and space-time rapidity ηS = 1 in 5.02 TeV Pb+Pb
collision at impact parameter b = 7.5 fm for three cases. See
text for details.
For cases B and C, the parameters are found to be
eB0 = 73m
2
pi, σx = 3 fm and σy = 4 fm. The τB has
a large uncertainty but we fix it to be the same for case
B and C and equal to a standard value τB=0.4 fm/c. It
is seen that in case B the time derivative of the By(t)
is such to generate a Ex ≃ By already at t ≃ 0.6 fm/c,
while for case C the slower time evolution leads, due to
the Faraday’s Law, to a quite smaller Ex that essentially
remains always smaller than By, even if the initial values
of case B and C are equal and they remain so up to time
t ≈ 1 fm/c.
The space-momentum distribution of leptons from Z0
decay can be found by the phase space distribution of
Z0. We use the experimental measurements [37, 38] to
construct a parametrization of the transverse momen-
tum and rapidity dependence of Z0. It is seen in Fig. 2
that Z0 generated by a Monte Carlo simulation with such
parametrization does agree quite well with the CMS mea-
surements shown by black dots [37]. The xT dependence
of Z0 is given by the binary collisions of colliding nuclei,
and position are given by t = τZ0coshy and z = τZ0sinhy
with τZ0 = 1/2mZ0 = 0.0011 fm/c.
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FIG. 2. (Color online) Normalized spectra of Z0 boson and
lepton as a function of transverse momentum pT from Monte
Carlo simulation in 5.02 TeV Pb+Pb collisions, compared to
the CMS measurements [38] of Z0 and an analytical calcula-
tion of lepton from Z0 decay.
In Fig. 2 for the leptons decayed from Z0 with mean
decay proper time 1/2.495 GeV−1, we use both analyti-
cal and Monte Carlo methods to generate their spectra.
The exact matching between these further validates our
approach.
We study the evolution of both lepton and D0 meson
by standard Langevin equations [23, 39–46] but including
Lorentz force [2, 3]:
dxi =
pi
E
dt, (2)
dpi = −Γpidt+ ρi
√
2Ddt+ q(Ei + ǫijkvjBk)dt, (3)
where the diffusion is related to the drag by D = ΓET ,
and ρi is randomly sampled from a normal distribution
with 〈ρi〉 = 0 and 〈ρiρj〉 = δij . For charm quarks, the
3drag coefficient is determined by the study of the D me-
son observables [47–51]. We instead include only Lorentz
force in Eq. (3) for leptons from Z0 decay due to their
negligible interaction with the medium.
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FIG. 3. (Color online) v1(D
0)− v1(D
0
) as a function of pseu-
dorapidity for three cases and compared to ALICE measure-
ments [26] in 20-30% centrality Pb+Pb collisions.
In Fig. 3, we show the directed flow splitting between
D0 and D
0
as a function of pseudorapidity within range
of 3 < pT < 6 GeV/c for the three cases of the e.m. field
evolution in 20-30% centrality 5.02 TeV Pb+Pb colli-
sions. It is found that d∆v1/dη is -0.004 for case A,
-0.42 for case B with τB = 0.4 fm/c, and 0.44 ± 0.15
for case C with the interval of values corresponding to
τB = 0.4 ± 0.1 fm/c. Compared to ALICE measure-
ments [26] of d∆v1/dη = 0.49 ± 0.18, we find that only
case C with τB in the range of 0.3-0.5 fm/c can lead to a
correct prediction. In particular, it is surprising that for
case B and C even starting with the same initial values
of By and similar magnitude up to t ≈ 1 fm/c one can
have completely opposite predictions for d∆v1/dη.
Such a feature is however not accidental, and even if
this is the result of a quite involved dynamics we can
catch the key features determining the above result by
mean of suitable approximations. Discarding charm-
bulk interaction, we assume also that the electromag-
netic term qB0τB is a small perturbation of the charm
(or lepton) energy. We look for the shift in px of a charm
(lepton) of momentum pT , yz at the initial transverse po-
sition ~r0. The average value of it comes from the inte-
gral over the participant space region of the ∆px(~r0):
∆px(pT , y) =
∫
d2r0ρ
a(~r0)∆px(~r0, pT , y), where ρ(r0) is
the initial distribution of the particles in transverse plane
at the formation time t0. Assuming that yz = ηs and
evaluating the shift of each particle as the propagation
along straight lines from Eq. (2), we can write:
∆px(~r0, pT , yz) = qEx(t, ~r(t), yz) − qvzBy(t, ~r(t), yz),
where ~r(t) = ~r0+∆~r(t) gives the position of the particle
at time t. One can write the average px shift of the
particle more explicitly as:
∆px(pT , yz) =
∫ ∞
t0
dt
∫
dx0dy0 ρ
a(x0, y0)
∫
dφ
2π
q
[
tanhyz B (t, yz) +
∫ yz
0
dηB
′
(t, η)
t
coshη
]
ρB
[
x0 +
pT cosφ
mT coshyz
(t− t0), y0 + pT sinφ
mT coshyz
(t− t0)
]
(4)
We can find some general features of the integra-
tion over x0, y0 and φ without knowing the forms of
ρ(x0, y0). The integration depends only on the factor
γ = pTmT (
t
coshyz
− τ0), and it should be quite uniform in
the region of γ < R ∼ √σxσy and decreases fast outside.
Because of these features, we can replace the integration
by a step function KΘ(1− γ/R), where K is some con-
stant depending on the specific forms of ρ and ρB. Hence
integrated by parts, Eq. (4) can be further simplified to:
∆px(pT , yz) ∝ q
∫ yz
0
dη
coshη
[τ2B(τ2)− τ1B(τ1)] (5)
with τ1 =
τ0coshyz
coshη and τ2 =
(τ0+RmT /pT )coshyz
coshη , and τ1,2
can be treated as the formation time and the escape time
out of the electromagnetic field of the particle.
Using the form of B(τ) from case B and C and τ0 ∼0.1
fm/c, we can find that ∆px(yz > 0) of charm quarks is
positive for case C and negative for case B and so will be
∆v1. In the full calculation one should take into account
the interaction with the medium (for charm quarks) and
the not small qB0τB, that induce some further modula-
tion w.r.t. Eq. (5) for low pT particles. However Eq.
(5) catches the main feature and predicts correctly the
sign and even the magnitude with reasonable accuracy, as
the results of the simulations in Fig.3 show. Eq. (5) en-
lighten our understanding showing that the sign of ∆v1 is
not determined by the initial maximum value of eB0, but
by its time evolution. It includes implicitly the effect Ex
directly related to the By time derivative: a slower time
evolution leads to a smaller electric field Ex, inducing a
positive sign of ∆v1. In the following, we will focus our
attention on the proposal of a new measurement: the v1
of the leptons from the Z0 decay. We will consider case
C that is the only one able to account for the observed
positive splitting of ∆vD1 = v1(D
0)− v1(D0).
In the left of Fig. 4 we show the splitting ∆vl1 =
v1(l
+)−v1(l−) between positively and negatively charged
leptons for case C. It is seen that d∆vl1/dη is negative at
pT ∼ 40GeV/c, hence opposite to the one of the charm
quarks which is already not trivially expected. Even
more relevant is the observation that d∆vl1/dη changes
abruptly sign around pT ∼ 45GeV/c reaching a peak
value comparable to the one observed and here predicted
for d∆vD1 /dη in the region pT ∼ 3− 10GeV/c. This sign
change for l± is quite surprising and not expected if one
relates the flow to the direct effect of the Hall and Fara-
day drift on one single particle. In this Letter we indeed
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FIG. 4. (Color online) v1 splitting of leptons from Z
0decay
(left panel) and charms (right panel) as a function of pT ; by
blue solid squares the predictions accordingly to Eq.(7) and
compared to −dlnfc
dpT
× dpx.
clarify for the first time that the role of the slope of par-
ticle spectra can strongly affect the flow sign. We find
that differential ∆v1 is not a direct measure of ∆px, but
relates also to the spectra of charged particles. In the
specific case of the lepton from Z0 decays one has unique
shape of the spectrum, very different from the particle
spectra of hadrons in uRHICs, as shown in Fig.2. This
induces a new feature in the directed flow never appreci-
ated before that we explain by mean of Fig. 5.
FIG. 5. (Color online) (Left) dN/d2pT decreases with pT and
(Right) dN/d2pT increases with pT .
We consider two types of spectra: one decreasing with
pT (left panel of Fig. 5) and the other one increasing
with pT (right panel of Fig. 5), indeed never observed in
direct particle production. We can see that their centers
move to the positive px direction due to the effect of
the Lorentz force. However selecting some specific pT
(white circle region in Fig. 5), px is positive for the first
kind of spectra because more particles localize in positive
px region. Instead for the second kind of spectra, px is
negative even though all particles are affected by a force
along positive x direction as in the other case.
Electromagnetic fields moves charged particles from
initial pxi to final pxf = pxi + ∆x, where ∆x takes a
distribution ρ(∆x) around the average ∆px(pTi, yz). For
pT much larger than the width and average of ρ(∆x) the
final momentum distribution can be expanded as:
dN
dpxdpy
≈ fa(pT )−∆px(pT , y)
∂fa
∂pT
px
pT
, (6)
where fa is the initial distribution of charged particles,
a = c, c¯, l+, l− and we know from the simulation that
the average value of ∆px is about 0.3 GeV/c for charm
quarks and 0.7 GeV/c for leptons at yz = 0.5 with a
weak dependence on pT . We thus further find that the
differential v1(pT , y) will be:
v1(pT , y) ≈ ∆px(pT , y)
2
−∂lnfa
∂pT
. (7)
The goodness of the approximation in Eqs (7) is shown
in Fig. 4 where the splitting ∆va1 (pT ) is shown for a = l
on the left panel and a = c on the right panel. The
comparison between red solid circles and blue squares
shows how Eq. (7) is able to get the main behavior of
the splitting for both charms quark and leptons from Z0
decay. Notice therefore the ∆vl1 is not trivially related
to the D meson one, in particular a small negative ∆vl1
up to pT ∼ 40 GeV will not be in contradiction with
a large positive ∆vD1 , a feature not expected but that
is enlighten by Eq. (7). Moreover should manifest a
peculiar sudden jump positive values at pT > 45GeV
becoming comparable with that for D mesons at lower
pT .
We have found two key aspects that determine the
splitting ∆v1 of D mesons and leptons. The sign of the
splitting is determined by the time evolution of the mag-
netic field more than its initial strength, see Eq. (5).
Furthermore the ∆vD1 and ∆v
l
1 can have an opposite sign
and |∆vl1| is less than |∆vD1 | for any pT , see Eq. (7), even
if both are generated by the same e.m. field, due to the
peculiar and more flat momentum distribution of leptons.
We propose for the first time in uRHICs the measurement
of the v1 of leptons from Z
0 decay to confirm the electro-
magnetic origin of the ∆vD1 and have a novel constraint
on e.m. strength and time evolution. The experimen-
tal search for the above relation for both heavy flavors
and leptons can give us a proof of the strength and time
evolution of electromagnetic field in the early stage of
uRHICs. This work should trigger extended studies that
include also advancement in the physics that can affect
the evolution of the electromagnetic fields, but also the
extension to the b quark and a thorough study as a func-
tion of energy and centrality. However the scope is much
wider than the understanding of heavy flavor dynamics
and merely the generation of the electromagnetic field in
the early stage. In fact providing an independent novel
probe of the e.m. field is a key aspect that can trigger
a breakthrough in the new ongoing search for the CME
and CVE [6–11], CMW [12–15], and splitting in the Λ
5polarization [16–18]. Finally, we highlight that if the
splitting ∆vD1 = v1(D0) − v1(D
0
) for neutral particles
has an electromagnetic origin, it provides also a direct
probe of the existence of the deconfined phase with the
charged charm quarks as degrees of freedom. This rep-
resents an absolutely new and unique probe allowing to
access the deconfinement as a function of the flavor, a
key and open question of the understanding of the QCD
phase transition [52, 53].
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